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SECTION I
INTRODUCTION

In this report we consider the problem of computing sound propagation
in ducts. These ducts are models of the interior of jet engines. Since
the largest source of jet engine noise is fan noise, there has been an
increase in interest in duct acoustics in recent years. We will consider
ducts of uniform cross section with or without mean flow and ducts with
variable cross section not containing flow. The ducts are either two
dimensional or axially symmetric three dimensional. To compute the
sound field within one of these ducts, the momentum and continuity equa-
tions are linearized and combined to yield a Tinear, second order partial
differential equation in the acoustic pressure. The boundary conditions
consist of a specified pressure distribution at the duct entrance, a
vanishing normal derivative at the centerline, and a specified acoustic
impedance at the exit and at the outer wall of the duct which corresponds
to an acoustic lining. These equations are then solved using the finite
difference method. The large system of algebraic equations which result
from using finite differences is solved using an out-of-core block tri-
diagonal system solver on the CDC Cyber 74 computer. The acoustic
velocities are then determined by integrating the linearized momentum
equations and then used to compute the acoustic power at the entrance and
exit of the duct. These are then used to determine the attenuation
resulting from a particular wall lining.

For a nonuniform duct the additional step of mapping the nonuniform
geometry to a uniform duct is required before the finite difference

method is applied to obtain the solution. We use a conformal map so



that right angles in the original coordinate system become right
angles in the mapped coordinate system. The mapped equations are then
solved using finite differences as indicated.

In Section II, we will describe in more detail the equations
and boundary conditions which need to be solved and give the
expressions used to compute the acoustic power. In Section III,
we discuss the conformal mapping procedure and derive the mapped
equations and boundary conditions. In Section IV, we derive the
finite difference equations for both the original and mapped equations,
and indicate the method used to solve the resultant system of algebraic
equations. In Section V, we describe the computer program DUCT
including minor program modifications for extra capability, and in

Section VI we give samples with input and output.

SECTION II
ANALYTIC MODEL

Differential Equations

If viscous and heat transfer terms are neglected, the equations

of motion for an ideal gas are

Momen tum p' D(V')/Dt = -Vp' (1a)
Continuity D(p')/Dt + p'(V-V') = O (1b)
Energy and state p' = const p'® (1c)

where p' is the density, V' is the velocity vector, and p' is the
pressure. If it is assumed that the pressure perturbations are
small compared to the average pressure and that the steady velocities

are negligible, Eq. (1) becomes



ap/dt = —pocev-Q (2a)

Py oV/at = -Vp (2b)
When combined, Eqs. (2) reduce to the wave equation

V2 = (1/c%) 3°%p/at2 (3)

and, with time dependence of the form g 1k [that is, p(X,Y,Z,t)

int
= e

p(X,Y,Z)], Eq. (3) becomes the Helmholtz equation for the

pressure p
v2p + (w2/c®)p = 0 (4)

Analyzing only one frequency for fan noise is reasonable since
noise at different frequencies can be superimposed. In nondimensional

1,2,3,4 e

coordinates, q. (4) becomes

v2p + (2m)%p = 0 (5)

with n = Rw/(2mc) for a cylindrical duct (R being the duct radius),
n = Hw/(2mc) for a rectangular duct (H being the duct height). In

two dimensions, for rectangular ducts, Eq. (5) is

2
3°p/ax" + 9%p/ay° + (2m)%p = 0 (6)
whereas, in three dimensions with axial symmetry, Eq. (5) becomes

22p/0x2 + 92p/3x2 + (1/r) ap/ar + (2m)%p = 0 (7)

where x is the axial direction and r is the radial direction. In
the mean flow case, the steady velocity in the axial direction is
assumed to be a constant U (and no longer negligible), yielding the

dimensionless axially symmetric reduced wave equation3



(1-M2) 3%p/3x° + 3°p/ar® + (1/r) 3p/or .
8

- hT[TIMi Bp/’Bx + (2‘[!T])2p )

where M = U/c is the Mach number and n = Rw/(2mc) is the dimensionless

frequency, R being the duct radius.

Boundary Conditions

To absorb acoustic energy within the duct, the outer walls are
lined with Helmholtz resonators. The Helmholtz resonator can consist
of a perforated sheet placed at distance d from a solid backing sheet.
The acoustic impedance of this wall lining is determined by the hole
diameters and backing depth.

If Z is the acoustic impedance at the outer wall, then
Z=p/nV

where n is the exterior normal to the outer wall. For no flow,
impov = -Vp, so

iZ/wp = p/n*Vp

(9)

or
op/on + iwpo p/7=0

at the wall. [Note that 3p/3n = n-Vp by definition.] For the case
of uniform flow the continuity of particle displacement is used rather
than the continuity of particle velocity to derive the dimensionless

boundary condition

op/dn = -—21Tnip/2w - (2Mf2w) op/dx + iME/(EﬂnZw) ng/Bxe (10)



at the outer wall (see Ref. 5 for the derivation). For a variable wall
1ining (such as a three-sectional Tining) Zw is a function of x instead
of being constant, as is the case for a uniform 1ining. The remaining

boundary conditions for a cylindrical duct are

p(0,r) = f(r) at the entrance (1a)
ap/an =0 at r = 0 (the centerline) (11b)
dp/3n + 2mip/Z, = 0 at the exit (11c)

For the rectangular duct the only change in the boundary condition

is that p(0,y) = f(y) is specified as an entrance condition.

Sound-Power Attenuation

For both the no-flow and uniform flow cases, the expression used

to compute the dimensionless axial intensity3'4 is

I(x,r) = real (p*u)/(2m) + Mlp*p + (u*u + v*v)/(2ﬂn)2]/2 (12)
where u is the velocity in the axial direction, v is the velocity

in the radial direction, and the asterisk denotes complex conjugation.

For the no flow case, of course, M = 0 and

I = real (p*u)/(2m) (13)

To compute u and v, once p is known, the dimensionless x-momentum and

r-momentum equations are used:

u =i 9p/dx + i M/(2m) du/dx (14a)

v =1 9p/dy + i M/(2m) dv/ox (14b)



The initial condition used to solve for u is that u = 2mp at the
exit. Then the irrotationality condition 3u/3y = 9v/9x and
Eqs. (14) are used to solve for v. Once the intensity is known

the dimensionless acoustic power is computed as

1
Ex = I I(x,r)dA = J I{x,r)rdr (15)
A 0
for a cylindrical duct, or
1
5= | 1ty (16)

0

for a rectangular duct. The sound attenuation is then determined

as

dB = 10 log, . [Ex/Eo] (17)

where E0 is the sound power at the entrance and Ex is the sound

power at the axial point x.

SECTION III
CONFORMAL MAPPING

The well-known Riemann Mapping Theorem establishes that an
arbitrary simply connected domain in the plane can be mapped
conformally onto an open rectangle with vertices (0,1), (0,-1),
(X,-1), and (X,1). (For a diagram of such a map, see Fig. 1. Other
examples of variables of ducts are given in Figure 2.) If the map
is of the form

z = Z(x,y)s r = v{x,y)

then, for it to be conformal, the Cauchy-Riemann equations

9z/3x = 3r/3y; 9z/dy = - ar/ax

must be satisfied.



Assuming axial symmetry, Eq. (4) may be rewritten as
22p/a22 + a2p/arl + (1/r) 3p/ar + (w/c)Pp = 0

where z is the axial coordinate and r is the radial coordinate.

In transformed coordinates this equation becomes

2 2
_ 9 g 9 g | 3z(x,y) of
D % * 3y r(Xx,y) 9y ox

L1 az(x,y) 9 2} . {15)
oy hel o+ (2m) {LJ%E%QQJ

+ [32(; ,Y)]z}ﬁ

where ﬁ(x,y) = p(z,r) and n=Rw/(2mc) is the dimensionless frequency.

The boundary conditions (9) and (11) become

$(0,y) = £(z(0,y),r(0,y)) = g(y) at the entrance (19a)

9

£=0 aty =0 (19b)
[ 12 i7]%

9 : 9 9

"ég = -2mnip _[5'%) + [ﬁ] ] /-Zy at y =1 (19¢)

n
>

% - -2mi ), ez 7" Z  at (19d)
X Tmlp—ax -a,—);- % at x i

Finite difference solutions will be obtained in Sec. IV. (See Ref. 6

for a more complete description.)

Example
For positive real o < %3 the cone enclosed in the (z,r) plane by

the lines r = (sin a)z/cos a and r = -(sin a)z/cos o and by arcs of

2 2 2 ZeZUX

the circles 22 + r2 =R and 2" +r =R is the region considered.



The transformation defined by
z = Re™ cos ay; r = Re™ sin oy (20)

maps the open rectangle onto the prescribed cone. With z(x,y)
and r(x,y) defined by Eq. (20), the finite difference equations
corresponding to Eqs. (18) and (19) were solved on a rectangle using

the method described above.

SECTION IV

FINITE DIFFERENCE SOLUTIONS OF ANALYTIC MODEL

To obtain solutions of Eqs. (6-8) in the case of a rectangular
duct, a no-flow cylindrical duct, or a cylindrical duct with uniform
flow, respectively, the method of finite differences was used. The
boundary conditions (10) and (11) must be included for the problems
to be well posed. The finite difference equations may be summarized

as follows (see Refs. 2, 3, 6, and especially 7). Set

8x = X/(n+1)
Sr = 1/(m+1)

.= ji ey =ow
X5 = Jox b n
By kSr k= 1y ooy

and

Py = p(xj,yk)

where m and n are positive integers. Then for a cylindrical duct
the difference equation at a point not adjacent to the boundary

is



2 2
(M) (pyyg i = 2Py * pa_l,k)/(ﬁx)
* Py yuy ~ 2Pyt Pa,k_l)/(dr)Q + By pay = Py 1)/ (2(8r)r))

2
- hmii(py - Pa-l,k)/(QGx) + (2m)7p, , = 0-

Collecting terms, the equation becomes

[2 + 201-02)(62)%/(8x) = (2msr)®) By 4 = By yug[1 + 1/(2K))

- Py g [1 - V(2] - pjﬂ’k[l—m2 - omnMidr/6x]

- Py 142 + 2mMisr®/6x] = 0 for 1 < § <n-1, 2 Sk < m-l.
=

Similar expressions are obtained for j = n, k = 1, k = m, which
correspond to the boundary conditions (10) and (11).
To obtain a solution of Egs. (18) and (19) on a cylinder, the

following finite difference scheme is employed.

Set
&x = X/(n + 1),
Sy =1/(m + 1),
x; =3 éx, j=1, v,

Ykzkﬁ)’! k=1s '..rms
_ 9z
SR A R
% o= ae@nls  J= 1y ey
j,k ax J’k! ] ] »

rj,k = I‘(Xj ,)’k), w1, sae,m,

] = x" L
Pj k= POX5Yp)



where m and n are positive integers. Then the difference equation

is
< 2
®ja1,% ~ g,k * Pyo1,10/ (60)

2
* (PJ kil T zpj k & pj ,k_l)/((s)’)

Z

i,k
= ?j"Lk (pj+1’k - pj-l,k)/(ZGX]
’

e

2.
_JaK -
¥ oy ®; w1 - Py k-1)/ (28Y)

0.

2 2 2 _
M) 2 00Py,5 S

Collecting terms, the equation becomes

N 2 2 2 2. 2
I:Z 2(8y)7/(8x)™ - (2méy) (25 * 25k J]pj,k

J
% i o
= J’
By dwa|l * & . /2 = By x|l - #;53’/2

i
) pj+1,k’:(5)’] 2/(6x)2 , ;J_LE (8y)

Z.
- p; _l,k[csy)zf(ax)z + ;Jlr% D

wBforizjen~-1 28k<m - 1.

-

Similar expressions are obtained for j = n, k =1, k = m, which
correspond to the boundary conditions (19),

For a reasonable number of mesh points, say 50 in the x
direction and 20 in the y direction, the linear system of equations
to be solved consists of 1000 unknown pj’k's to be determined. More-
over, the pj,k's are complex numbers because of the boundary

10



conditions, so there are 2000 unknown real numbers to compute.

Standard iterative methods will not work for this problem, for the

system is neither positive definite nor symmetric. Therefore, a

direct method was used to solve the system, taking advantage of
its sparseness.
The set of difference equations forms a system of linear

equations which can be written in matrix form as MP = F

where M is the finite difference matrix, P is the unknown pressure

matrix and F is the matrix containing the prescribed pressures.

M has the following form:

0...0-a0000...0-1b-10000...0-c0000...0
0...0 024000...0 04 b4000...0 0<000...0
0...0 002400...0 004b400...0 00<00...0
0...0 00020...0 00 04b40...0 000<0...0

which can be written as a block-tridiagonal matrix

B1 C1 8 @ son O

A2 B2 C2 ) sun B where A, B, C are square matrices
0 A3 B3 C3 0 which fit into the pattern.

o .- An Bn

M can now be factored as

M=L*U
or
B, C1 0 0 4500 I 0 0 @ U.l C1 0 0 ;.
AZ B2 C2 0 ...0 _ L2 I 0...0 0 U2 C2 0 sus
0 AB B3 C3 0 0 L3 | [ 0 0 U3 c
0 A B 0 # aee B 0 0

3

ou



where

Lo
]
(v

T

5 W el form=2; ... n

Um - Bm-Lm cm-1

Therefore, the system to be solved may be written as
LE*U¥*pP=sE
Solving L * Y = F for Y and then solving U * P = Y for P gives

the desired pressures.

SECTION V
PROGRAM DESCRIPTIONS

Program DUCT computes the pressure within cylindrical, rec-
tangular, and nonuniform ducts using the finite difference method
described in Section IV. Using these values for the pressure, DUCT
then calculates the acoustic power and attenuation.

The Togical flow of DUCT is represented schematically in

Figure 3. A summary of the various subroutines called by DUCT is

now given.

DUCT The main routine which controls the reading of input
and the initialization of variables. DUCT calls
FUNCT directly or, if the function is to be
minimized, calls an optimization routine ZXMIN.

FUNCT A statement function which does the calling to the

subroutines which set up the system to be solved,

T2



ZXMIN

SETUP1

SETUP

solve the system, compute the attenuation of sound,
and print the output. By having a statement function
do the calling, standard optimization routines can

be used which minimize a given function.

A Tibrary subroutine which finds the minimum of a

function.

This subroutine uses a finite difference method to
transform the wave equation for a rectangular duct

P R AZP =10
XX Yy

into centered difference equations at each point.
For a point not on the boundary, the equation has

the following form:

2
[Pran,g = 2Py, % Pooy, 4200
2 2
- _— 1
+ [Pi,j+1 2Pi,j + Pi,j-lloy + A P1,3
Collecting terms, the equation becomes
@+ 3 B o 32 by 8 p - P
2 \ARALS I B I U2 B B B3
Dx
2
D 2
e 8 . .
7 Pt ™ 8 Py ¥ O
Dx X

This system of equations is then written in matrix

form.

Using the methods and equations presented in Section IV,

SETUP produces the finite difference for a nonuniform

duct.
13



SETUP2

BLOCK

OUTPUT

SOUND

Input

This subroutine sets up the matrix for a cylindrical

duct as described in Section IV.

To increase the efficiency of the program, the matrix
produced in the SETUP routines is stored in block-
tridiagonal matrix form. BLOCK calls LU3 to factor
the matrix into bidiagonal form. LEQS3 is then

called to solve the system using back substitution.
BLOCK also invokes CLOSMS, OPENMS, WRITMS and READMS
which are system subroutines available on Control Data

machines.

Prints the real and imaginary parts of the pressure

calculated in the BLOCK subroutine.
Given the pressure, SOUND computes and prints the
sound power and attenuation

dB =10 1og10 (EZ/E])

where E] is the acoustic power at the entrance of

the duct and E2 is the acoustic power at the exit.

The information needed to perform the calculations can be entered

through cards or disks. A description of required input is presented

here.
Card No. Columns Variable Name Description
1 1-3 IDUCT An integer representing the

duct geometry. Enter -1

for a nonuniform duct, 0 for
14



Card No. Columns Variable Name Description

a rectangular duct or 1 for

a cylindrical duct. (I3)

2 1-10 XM Mach Number. For the acoustic
Tinearization to be valid
-.5 < XM < .5. Set XM equal to

zero for no flow case. (F10.0)

3 1-20 ZETAX Complex number representing the
exit impedance (F10.0, F10.0).

4 1-20 ZETAX Wall impedance at Y = YMAX.
ZETAX = 9999999999 + 19999999999

corresponds to a hard wall (F10.0,

F10.0).

5 1-10 XMAX Length, L, of duct in meters
(F10.0).

5 11-20 YMAX Height, H, of duct in meters. If

problem has been made non-dimensional,

set YMAX = 1 and XMAX = lﬁ (F10.0)

6 1-10 ETA Frequency parameter (F10.0).

7 1-3 TIEND Number of pts in x-direction,
excluding pts on the boundaries.
Maximum of 100 if subroutines READMS,
WRITMS are used. If XM # 0, IEND
should be odd. (I3)

15



Card No. Columns Variable Name Description

v 4-6 IEND Number of pts. in y-direction,
excluding pts on boundaries.

Maximum of 20. (I3)

8 1-3 KOuT Controls the form of the output.
Set KOUT = 0 to suppress the
printing of pressures and
KOUT = 1 for complete output.
(13)

If ZXMIN is to be called to find the minimizing values of ZETAY, the

following information is required.

Card No. Columns Variable Name Description
8 4-6 NUMMAX Maximum number of iterations or

calls to FUNCT by ZXMIN. (I3)

8 7-16 IH Number of digits of accuracy

desired in the estimates of ZETAY.

If KOUT = 0, the following card can be Teft blank.

Card No. Columns Variable Name Description
9 1-3 I0UT Increment value. The pressure

will be printed for pts with
abscissas corresponding to the
values of I =1 through IEND in
steps of IOUT. (I3)

16



Card No. Columns Variable Name Description

9 4-6 JOuT Increment value. The program
will print the pressure at pts
located on grid lines corresponding
to J = 1 through JEND in steps
of JOUT. (I3)

9 7-9 IT The pressure will be printed for
pts located on grid lines corre-
sponding to J = 1 through IT.
Maximum value is IT = JEND.
(Headings will be distorted if
JOUT = 1 and IT > 15).

10 1-10 ALPHA Generating angle in radians of a
nonuniform duct. Required only

if IDUCT = -1. (F10.0)

Multisectional Linings

If the user desires a multisectional Tining, several changes must
be made to the program to accommodate the additional impedance parameters
(See Section IV). The following changes were used to modify the program
for a three-sectional lining in a nonuniform duct. Modifications for
rectangular and cylindrical ducts are enclosed in brackets.

Recall that the impedance is a complex number so that an n-sectional
1ining means ZET, the array containing these values, will be of dimension
2n. To adjust the dimension of ZET, insert the appropriate value in
line 7 of DUCT. 1In DUCT, arrays WA, HH, and G are parameters required
by ZXMIN and their dimension depends on the dimension of ZET. Set the

17



dimension of WA equal to N(N+4). The dimension of HH equal to N(N+1)/2,

and the dimension of G equal to N where N is the dimension of ZET

(N=2n). For example, for a 3 section lining, DUCT.7 should now read:

DIMENSION ZET(6), WA(18), HH(21), G(6)

In addition, a dimension statement will need to be inserted after
line 8 in SETUP [SETUP1, SETUP2] which reads DIMENSION ZET (6). Also,
in line 55 of DUCT, the number following FUNCT in the parameter list

is the dimension of ZET, thus it should be changed to
ZXMIN (FUNCT, 6, IH, NUMMAX, ¢, ZET, HH, G, FMIN, WA, IER)

To initialize the values of ZET to those of a uniform lining, the

following cards should be inserted after 1ine 51 in DUCT

ZET(3) = ZET(1)
ZET(4) = ZET(2)
ZET(5) = ZET(1)
ZET(6) = ZET(2)

If the program is restarted, the expressions on the right side of
the equations can be replaced with the minimizing values from the

previous run.

In order to pass the additional values to the subroutines, lines

10 through 12 in FUNCT should be replaced with

IF(IDUCT.LT.0) CALL SETUP (ZET)
IF(IDUCT.EQ.0) CALL SETUP1(ZET)
IF(IDUCT.GT.0) CALL SETUP2(ZET)

and the first line of SETUP [SETUP1, SETUP2] should be replaced with

18



SUBROUTINE SETUP (ZET)
SUBROUTINE SETUP1(ZET)
SUBROUTINE SETUP2(ZET)

To print the values of ZET before each pass, insert these cards after

line 9 in FUNCT

PRINT 999, (ZET(I), I = 1,6)
999 FORMAT (1X, 6F16.8)

where I ranges from 1 to the dimension of ZET.
Finally, the location of the various 1inings are inserted after
SETUP .34 [SETUP1.22, SETUP2.22]. For example, if each 1lining occupies

one third of the duct the following lines are added:

ZETAY = ZET(1)+AI * ZET(2)

IF (K.GT.IEND/3)ZETAY=ZET(3)+AI*ZET(4)
IF (K.GT.2*IEND/3) ZETAY=ZET(5)+AI*ZET(6)

Radial Modes

If the function to be evaluated is not equal to a constant (one)
at the entrance, the pressure at those points must be inputed. Several
changes are required in the main program and the SETUP subroutines in
order to modify the program for this case.

The following lines should be inserted after 1ine 28 in DUCT,

READ 993 (Y(I), I=1, JEND)
993 FORMAT (12F6.0)

PRINT 994 (Y(I), I=1, JEND)
994 FORMAT (IX, 16F8.3)
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In addition, 1ine 47 in SETUP2 and line 51 in SETUP1 should be

replaced with
10 Y(I) = - AA(I) * Y(I).
In SETUP, line 60 should be replaced by

10 Y(I) = - A * Y(I).

Computations for ZETAX for a Nonuniform Duct

Recall that

- e-ZﬂnRi
R
and
_ =2mniP
PR =7

X

where n is the frequency and R = .5e ~ALPHA-XMAX

Therefore
Z, = :ézgiﬂ
i} -anie;zwniR eﬁzgnRi (% + 2mni)
_ R? (2m)? + 2miR
1+ (2mR)?
ouTPUT

The output from DUCT consists of the following:
1) The solutions to the wave equation at the indicated points.
Note that in reading the printout from left to right, the y-coordi-

nate varies while the x-coordinate is held constant. The last
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column of numbers corresponds to the x-coordinate of the points.

The headings for the program have been set up for printing a

maximum of fifteen points in the y-direction. If desired, the
pressure can be printed at addition points, but the headings will

be distorted.

2) The computed values for the acoustic power at the entrance and
exit of the duct and the resultant attenuation.

3) If ZXMIN is called and a multisectional lining is used, the
values of ZET will be printed before the headings for each iteration.
When all the iterations have been performed, the minimizing value of
ZETAY for the first lining, the attenuation, the convergence criterion,

the number of iterations, and IER, an error condition will be

printed.

IER = 0 means no errors occurred and convergence has been achieved.
IER = 130 means the iteration was terminated due to excessive rounding
errors.

IER = 131 means the iteration was terminated because NUMMAX has been

reached.

Section VI

SAMPLE RUNS
In this section, the input and output for a variety of sample

cases are presented.

Case I
Cylindrical duct: no flow, uniform 1ining, pressure printed

at every other point in both directions.
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Case I Input

0.

1 0.
sl -.6
2.

«D

50 20

1

2 220

Case II
Conical duct: no flow, uniform lining, pressure printed for

first 15 points in y-direction.

Case II Input

-1
0
.9641 .1861
3 -.5
{ j I
1.
49 20

1

2 111

75

Case III
Rectangular duct: no flow, radial modes, pressure printed for

first 15 points in y-direction.
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Case III Input

0
0.
1.0453 .332
.9287 -.7442
1. 1
1s
50 20
1
2 220
-.775 -1.18 -.440 -1.11 ... Pressures for the
.950 -.075 .990 -.020 ... 20 nodes at the
.170 -.820 -.110 .990 ... entrance

Case IV

Cylindrical duct: no flow, uniform 1ining, ZXMIN called to

find minimizing value of ZETAY.

Case IV Input
1
0.
1 0.
.6 -1.5
24 1
1.25
60 20
015 2
0

Case V

Rectangular Duct: uniform flow, hard wall, pressure printed

at every other point in y-direction.
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Case V  Input
0
.2
1. 0.
999999999999 (20 times)
| 1.
1.
25 20

1T 220
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Example of conformal map.
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Read IDUCT
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Call FUNCT |€
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Call SETUP2 i ¢
I < <
Call BLOCK

Calls OPENMS,
WRITMS, LU3,
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Call OUTPUT

v

Call SOUND

Logical Flow of Duct
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992
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384
585
986
387
988
390
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APPENDIX

PROGRAM DUCT( INPUT,0UTPUT, TAPE 1, TAPE 2, TAPE 3, TAPc & )
COMMON/3 IG/AL g ZETAX ) ZETAY ) XMAX 3 YMAX g ETA 3 XMy IEND 9 JENUy UYOX s My NN s
1CNNyA4B33B48B(20920)4yC(20923) 9T (20920) 30yY(2C)3IP(20) 43V I(21)yIX,DY,
2 AA(20),01LT(20),I0UT,JO0JTyKOUT,ITyIDUCT,KEND,D8
COMPLEX ByCyTy0yYyVyAI,ZETAXyZETAY ,C1, A,Al,B1yAAN
EXTERNAL FUNCT
DIMENSION ZET(2)43G(2)yHH(3),4A(H)
w=20
PRINT 981
READ 983, IDUCT
FORMAT(® ENTER DUCT GEOM\ NUNUNLFORMyRECT,CYLIND}=1y091 #)
PRINT 991
READ 990, XM
PRINT 983
READ 990G, ZETAX
PRINT G887
READ 990, ZETAY
PRINT 983
READ 990, XMAX, YMAX
PRINT 985>
READ 990, ETA
PRINT 98t
READ 992, IEND, JEND
PRINT 992, IEND,JEND
PRINT 982
READ 992,KOUTyNUMMAX, IH
PRINT 983
READ 992, IOQUT,JOUT,IT
FORMAT (1 X, *ENTER IQUT,JO0UT,IT/313*)
FORMAT(2I3)
FORMAT (¥ DO YOU WANT COMPLETE OUTPUT? [ OR 1 *#)
FORMAT(3I3,F10.0)
FORMAT (* ENTER IEND(X) ,JEND(Y) 2I3 *)
FORMAT (* ENTER ETA F10.3 #)
FORMAT (* ENTER XMAX3YMAX F10.UyF1Ge7 *)
FORMAT(* ENTER ZETAY F10.0,F10.0 *)
FORMAT (* ENTER ZETAX F19.0,F10.0 *)
FORMAT(2F 10.0)
FORMAT (* ENTER MACH NO. F10,0 ¥*)
AI=(E-,10’
ZETAX=ZETAX*(1+XM)
NN=JEND
UX=XMAX/(IEND+1)
DY=YMAX/ ( JEND+ 1)
DYyDX=0Y/DX
CON=2.%3.14153265358979*ETA
A==(1e=-XM¥*XM) *DYDX**2=S0N*XM*ALI*DYDX*DY
BBBB=2.+2.*DYDX**2-CON**2*DY**?
BBBB=BBBB-2 *XM*XM*DYDX**?2
ZET (1)=REAL(ZETAY)
ZET (2)=AIMAG(ZETAY)
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IF (NUMMAX.GT.J) GO TO 1C¢J

CALL FUNZT(2,ZET,FMIN)

GO TO ®09

NVAR=2

I0OPT=0

CALL ZXHIN(FUALT,NVI\R’ I", HUHM&X, ICPT ] ZET sHHy 3, FHIN,N.‘:\ ] 1ER)

PRINT 999, (ZET(I),I=1,2) yFMINyIHy,NUMMAX, IER
FORMAT(1X,3F16.8,315)

STOP

END
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SUBROUTINE SETUP
r
0 CYLINNDTTAL NON=UNIFOPM NUCT USING CONFORMAL MAP
G
FOMMONZ3TG/ AT o ZETAX g 7E TAY g XMEX g YMAX g ST B g XMy TEND 9 J=NDsDYDX 9 My NNy
1P0M A B33 43020 42504002 920) 3T20427)30,Y (2 V) HZIP(ZC) 4 VII)0X,y0Y,
2 AA(2Y),NUTI27) o INUT4JOUT yKDUTLIT,INUCT,,KENN, DB
COMPLFY 8,C,T,N,Y,V,A47,7TAX,ZETAY 4C1, A,A1,81,AA
REWIMN 1
P2INY 99a
PEAN 438, Al PHA
cag FORMAT(2F1..3)
9Cq FOCMAT(1Xs* ENTEFE ALPHALFAy.T *)
A==NYNX*E24+: 0| DHA*NYXNYOX/2,
nn 107 J=1,J7M0
1qr AAC )Y =A
DO & K=1,TIF4D
ND 'S 1=1,J7N0D
ClI,I)==DYNXE*¥2- AL PHA¥DY*NYDY /2,
0N 5 J=1,J5D
TF(J«NZLIY L TeJi=0,
n{ Iql’:n.
Y= 45
ARGA=DX*FLOAT (K
ARG2=ALPHA®FLNAT(T)=®NY
FOFY==005( ARG2Y/SIN(ARG?)
SHAPE=ALPHA* ALPHA®SYP (2, *8LPHA¥ARGL) ¥XK*XK
IF(TI«ENJY NII4J)=8382 + (1.,~-SHAPC) *CON¥*2¥DY¥¥2
IF(J 50, T=1) N(T,1)==1,-ALPHA®FOFY*)]Y/2,
IF() oSNe T#1) B(I,J)==1,+ALPHA¥FOFY*DV/2,
5 FONTINIE

~
" INGLUNT 3nUNDAZY NATA COSRISPONNING TO Y= AND Y=1
r
Ri==2,*CNIN*AT*DY* ALPHA*XK¥EXP (ALPHAYARG1) /Z-TAY
B(JEND, JEND=1)==2,
Pli,2)==2,
ARG2=ALPHA*TLNAT (JFND) *NY
FOFY==COS(A=G2)/SIN(ARG?)
RIJENN, JENN) =R (JEND, JTND) + (ALPHA®FOFY*NY/2, = 1.,)%31
IF(K «504 TSND) GO TO 6
WeITEZ(1) AA,R,40
& FONTINUE
r
C TINCLUDE B0UNDASY DATA CORRESPCNDTING TO X=1
B

SHAPE=ALPHA®*XK*EXP(ALPHA*ARGY)
CON1=CON
CON=CON¥SHAOE
DO 7 T=1,JEND
7 R(ILI)=B(I+IV=C(I,I)*2,*CON*AI*DX/ZETAX
CON=C0ONY
WRITE(1) AA,B,C
CO 1 J=1'Jrqn
8 AA(1)=A
DO 1€ T=1,J7ND
12 Y(I)==2
REWINND 1
RZTUPRPN
EMD
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SUBROUTINZ BLOCK
COMMON/BIG/ATSZETAX 4 7ZETAY g XMAX 3 YMAX 4 ETAS XMy TEND 3 JENDDYDX,MyNN,
1C0N'Q'BBRH'3(20‘2C)10(20120‘!T(25|29,9DQY(29'iIP(ZU’vV(23‘QDxtDY!
2 AA(20),0UT(20),I0UT,JOUT,KOUT,IT,IDUCT,KEND,DB
COMPLEX BoCsToDaYsV4AI L ZETAX,ZETAY ,C14, As,A1,B14AA,CC
NIMFENSTON CC(20,2M)
DPITMENSION TNDEX(301)
CALL OPFENMS(2,INDEXy371,0)
REWIND 1
PEWIND 3
PEWTND &L
PEADI(4L) (Y(IV,I=1,JEND)
REAN(1) AA,7,CC
CALL HRITHS(?,“.SS".i'-i"l
CALL WRITMSI(2,CCy800429=1,1)
CALL WRITMS(2,Y 4l 929=1,7)
Nn 100 K=2,TEND
DN 12 I=1,J5ND
12 V(IY=v(T)
REANI(4) (Y(I)yI=1,JEND)
NN 1% T=1,J-ND
N0 15 J=1,J4-ND
ClI,J)=CC(I,sJ)
15 T(I4J1=B(14J)
CALL LU3(NNLT4M,TP)
TALL LENST(NN,T,M,IP,V)
DN 20 I=1,J5ND
A=AA(T)
TF(K €N, TN A = A # C{Isl)
D=Y(T)
27 Y(I)=N=2%VY{(T)
RTAN(LY AA,B,CC
N0 50 I=1,J=NDP
ne 39 J=1,JEND
720 VUJY=C(J,T1)
CALL LEOS3I(MNM,T4M,IP,V)
NN Lf J=1,J=ND
A=AA (DY
IFLK Qs TENDY A
40 BLILTY¥=B(JyI) =¥V (J)
A CONTINUFE
KK=3%K=?2
CALL WRPITMS(24R,B5T4KK#1,=1,17)
CALL WRITMS (2, 4Bl KK$24=1,1)
CALL WRITMSI(2,Y,L0 KK+34=1,4i)
100 CONTINUF

A+ C(J,))
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C TNVERT UPPF2 TTIANGULAR MATR2IX TO OBTAIN SOLUTION

N0 119 TI=4,J8ND
V(T)y=Y(T)
nn 117 J=1,JEND
110 T(I,J)=8(I, )
FALL LU3IINN,T4M,TP)
CALL LENSTIINNG,T,M,IP,V)
NO 12y T=1,4JFND
12% YLTY=v(1)
FEWTIND 1
WRITE(3) (Y(I)aI=1,JEND)
TENDLI=TENN=1
no 27 K=1,IFNN1
KK=3*T- NN=e3 %K="
CALL RIANMS(Z4ByRLT4K+1)
CALL 2SAMS(?4C4AMG,KK+2)
CALL PSAOIMS(2,AA, 4 4yKK+T)
NN 44y T=1,J=ND
" 4 (R -l
ne 138 =14 JEND
1% YIIN=C (T, Jr*Y WU + V()
147 V(T)=AACTI=-YV(T)
FALL LUT(NM4343M,T1P)
FALL LENSTINMGBM,T2,V)
N0 1AL T=1,4JENN
1871 Y(I¥=\V(T)
WETITF(3) (Y(I)aT=1,JFMN)
207 RONTINUE
DEWTND 1
CALL ZLOSME (Z)
DETHEN
TN
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391
gg2
993

200

9910

209

210

201

211

212

SUBROUTINE QUTPUT
COMMON/3 IG/AI yZETAXy ZETAY g XMAX, YMAX yETA 3 XMy IEND yJENDyUYOX yMy NN,
1CONyA,8BBBByB(20920) 3C(20427) 3T(2Co20) 909 ¥(20)yIP(2C) sV I(221)43IX,40Y,
2 AA(20),0UT(20),I0UT,JOUT,xKOUT,IT,IDUCT,KEND,O3
COMPLEX B,C43TyDyYyV,yAI ,ZETAX,ZETAY 421, A,A1,31,AA
PRINT 998
DATA YEQ/3H Y=/,XEQ/3H X=/
IF(IOUCT 4GTe 3) PRINT 333
IF(IDUCT .EQ. 0 ) PRINT 9342
IFCIDUCT «LT. @ ) PRINT 391
FORMAT(* NON=UNIFORM DUIT *)
FORMAT(* RECTANGULAR DUCT *)
FORMAT(* CYLINORICAL DUST *)
PRINT 995, DX, DY, ZETAY, ZETAX, ETA ,4XM
IF(KOUT .EQ. J) RETURN
PRINT 989
REWIND 3
DO 200 J=1,1IT,JOUT
QUT(J)=J*DY
PRINT 990, ((YEQ,0UT(J)),J=1,1IT,J0UT), XEQ
FORMAT (11X, 15(1Xy3A33F442) 9 3X4A3)
L=0
D0 210 I=1,IEND
READC(3) (Y(J),y,J=1,JEND)
L=L+1
IF(L «LTa. ICUT +AND. I .GT. 1) GO TO 210
D0 209 J=1,JEND,JOUT
OUT(J)=REAL(Y(J))
X=(IEND=-I+1)*DX
PRINT 999, (QUT(J) 3Jd=1,IT,J0UT), X
L=0
CONTINUE
REWIND 3
PRINT 998
PRINT 995
PRINT %98
DO 201 J=1,IT,JOUuT
OUT(J)=J*DY
PRINT 990, ((YEQ,0UT(J)),4=1,1IT,J0UT), XEQ
L=0
DO 212 I=1,1END
READ(3) (Y (J)yJ=1,JEND)
L=L+#1
IF(L «LT. IOUT 4AND. I «GT. 1) GO TO 212
DO 211 J=1, JEND,JOUT
QUT (J)=ATIMAG(Y (J))
X=(IEND=-I+1)*DX
PRINT 999, (CUT(J) 3J=1,IT,J0UT) 4X
L=0
CONTINUE
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334 FIORMAT(1Xy12F13C.5)
235 FORMAT( 23K, *IMAGINARY PART*)
596 FORMAT (1X,*UX=%y3FBeltyg® DY=%¥,FbLeus® ZETAY=#*,F7.Ly¥+1%,F7 .4,
1 *  ZETAXS*3F7 ey ®*+I*,F7ay® CETA=*,F7a4y* M=*yFTaley//)
989 FORMAT (27X, *REAL PART*,//)
397 FORMAT(1A41)
998 FORMAT (1Y ,77/)
999 FORMAT(1X,16F8.3)
RETURN
END
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221

'}

225

21"

299

3cen

‘It'."l
LnM

SUBROUTINE SOUND
COMMON/BIG/AT 3 ZETAX o 7ETAY  XMAX YMAX g ETAG XMy TEND 4 JEND 4DYDX 3y MyNNy

1CON,A,BRBA,BI20+270) sC(20920) 3 TI204,20) 4Ny Y (27),IP(27)4VI(23]) ,0X,0Y,
2 AAT(23)40UT(2M) 4,I0UT,JOUT,KOUT,LIT,IDUCT,KEND,DB

COMPLEX B,C,T,D,Y,V,AI,ZFTAX,ZETAY ,C1, A,A1,81,AA

REWIND 3

DA=DY

IF ( XM «NE, 0. ) GO TO 299

SUM1i=n,

REAN(Z) (YU(I),I=1,J5ND)

REANI3) (VII) 4I=1,J5ND)

no 220 J=1,JENN

IF(TOUCT N5, M) NA=J*DY
SUM{=SUML4REALCAT*CONJIGIY LI *(Y(II =V (J)))
*NA

SuM2=1,

KLAST=TEND=3

DN 225 K=1,YLAST

READ(3) (Y(I),I=1,JENN)

CONTINYE

READ(?) (V(I),T=1,JEND)

ne 233 J=1,JEND

IFLTOUNT «N=, 1) DA=J*DY

SUM2=SHM2+RTAL(AI*CONJG(V(I)) ¥ (YL =VLJ)))

1 *DA

PRINT 998

PRTNT 994 ,SUMZ,SUML

IF(SUM2,LTe ) RETURN
NR=17*ALNG13 (SUML/SUM2)Y
PRINT 999,073
RETIIRN
ITNN2=TENN="
REFADI3IY (YUJ) 4Jd=1,4,JENT)
REANI(3I) (VIJ)4J=1,4,J°N")
X=XMAX=NX
no 20J J=1,JEND
T(1,0)=Y())
B(1L,J)=COXO(CONFAT*X/XM)*¥(Y(J)=V(I)) /DX
nD 4Gl T=1,TENDZ
FACT=FLOAT(I)=Z2.*FLNAT(I/2)
WT=4,
IF{FACT LY. «5) HWT=2,
¥=XMAX=DX=OX*FLOAT(T)
BPEAN(3Y (AA(JY,J=1,JEND)
PO 357 J=1, IFND
CL=(Y(J)=BA( I/ (2.%0X)
R(14J)=01,J)+UT*CL*CTXDI(CCN*AT*X /XM )
Y(Jr=vi))
VJIy=AA(D)
CONTTINUFE
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N0 450 J=1,J5ND
ri=(Y(J)=AA(J)) /DY
R(L1+J)=R(1,0) #CEXO(CON¥ATI*NX/XM) *C1
Y6 V=TAL o Jd)
U1 ="X*B(14J) /3
A1="ON¥*R1 /XM
X=XMAXY=NY¥
CA=CON®*Y(J)*CFXPITON®AT X/ ¥M)
RIL,JI=(A4+CAV*¥CEXO(=TON*AT* DX/ XM)
L57 PONTINYT
Fi=COMN®AT/(XM*XM+YM)
X=X"AX=0NY¥Y
RL==XMENZYP(LI*X) +XM*TZXP(C1¥DX)
TF (4T = 0e2% ) PRINT Q97
Qa3 FORMAT(* [=%MN IT FYSN YTELNING ZTRROR TN QUACRATURC*)
SuMz2=n,
nN G50 J=1, ISND
TE(J.ENW1Y AL=(Y(J#1) =Y (J)) /DY
IFC) SEQe SN A=Y (J)=Y(J=1D3)/02¥Y
TE() ohTe 1 oB8MDe J oLTe JENDN) AL=(Y(Je1)=Y(J=1))/7(2.%DY)
¥YI=(1+XMIFCONIGIYII) I *Y (JY ¢ XM¥P (L. XM ¥ (L. ¢XM)*A1*CONJG(AL)/
1 (2 JECON¥ANMY
IFL TAUET M= ) DA=SJ*EOY
SUM2=S!'IM? +" v ¥ XT
cnn rﬂklr‘fh”):‘
L=,
ne arn J=q,JFMn
TE(JeENel) Bi=TAACSEL)=AN(IYY 7Y
TE(J «EN. JoNMY AA=CAA())-AA(J=1))/DY
IF() «57e 1 JANNG J oL Te JEND) A1=(AA(J+1)=-AR(J=1))7(2.*NY)
TFUJ «=Ne 1Y B1=(R(1+2)=HB(141))/70Y
IFtY «EQe JINM) BI=(B11,JENN) =BLl,JEND=1YY/DY
IF(Y «GTe 1 AMDe J LT JENN) Bi=(23(1,J+1)-BllieJ=11)1/(2,%3Y)
Ci=AT*Ai+AT*YM®AY /JCON
XT=2EAL(NOMNIG(AACI)I*2(1,0) /0 0ON)
XT=XT+XM*NONJIGCAR(JY ) *RACY)/2,
XT=YT+XME(CONJGIR{13J))*R (L4 J)+CONJGICII®RCLY 7 (2.¥CON**2)
IFL IDNUET $N=§ M) DA=sJI®=NY
SUM1L=S1M1 +NA*XT
BN CONTTNIE
PSINT 338
PEINT 994 ,4,SUM1,SUM2
IFTSUYL LT, «) RETURN
MR=10,*ALNGLT (SUM2/SUML)
€2TNT 49Q2,NN
Q9L FARMAT{IXLFACQUSTTS oOWER AT CNTFANCE = %,F1 454/
1 AX¥ACTUSTTIC POWFR AT ZXIT = ®,FLii.5%)
a7 FNRIMAT(ELHL)
QG FORMAT(1X4// /)
9a9 FORMAT (IX¥ATTANUATION = #4,F.2,5)
RETHRN
can
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SURPQUTINI SETUPY

THIS SURBPNYTTNF STTS=UP THT FINIT: DJIFFZRcNCE MATRIX FOR A wECTANGULAR

= b p

COMMOMZITG/AT o 7E TAX o 7ETAY g XMAX G YMAX 3 TTA G XMy TENN S JEND D YN My NN,y
lnD‘d-AquB“sNZE'2“1oC'Z-H?UhTtZg,2'?"3.”2-‘l,IP(&;‘i,V(E:);D";-J’f.
2 AA(27),0UT(27) ,I0UT 4 JOUT,KOUTHIT,T0UST,KEND,DB

COMPLEYX R o0y T 3NeY Ve AT 4 2Z5TAX,,7ETAY 4C1y, A,AL,B1,AA
REWINND 1

DC & K=1,TEND

NN 5 I=1,4JEMD

C( IoT) =242, *CON*XM*AT *NYOX* Y
nno & J=1,J40D

IFC)eNZTY CU TI3J)V=0

R I,J)=",

IF(I.EQ.J) A T,J)1=828AR
TF(J.EN.I+1) BR( Ted)==1.
TFtJ.E2,1I-1) BR{ I,J)==1,
5 CONTINUE

INCLUNE ROUNDARY DATA COPRZISPONDTING TO Y={ AND Y=1

o M e |

A= P ¥FUMEXMEAT®*NYNX/ (CON*ZETAY®*NYX)
Pl==g ¥A41=2,*CON*AI*OY/7ETAY
Ci=A1=2,%¥XM*DYDX/Z7-TAY
AL=AL1+? . *XM*DYNX/7TAY
B( 1,2)==2,
B( JENNLJENHD=1)==-2,
B(1,1)=8(1,1)-B1
R(IJEND,JENDY=R(JIEND,JENDY~- 81
r(1,1)=C(1,1)-C1
C(JZND,JENN)=CULJFNN,JEND)= O1
IF(K .EN. IZND) GO TO 5
nn 103 J=1,JEND
1d( AA()Y=A
AAC4Y=AA(1)-A1
AA(JENNT) =AA (JEND) -A1
WRITF(1)Y AA,3,C
A CONTINUF
r
C INCLUNDS BOUNNARY NATA CORRFSPONDING TO X=1
n
N0 7 I=14JEND
7 BII,T)=R(T4TIV=C(I,IV* ,¥CON*AT*OX/Z"TAX
NO 8 J=1,J°MN
8 AA(C.JI=A
ART1)=AA(1)-A1
AACJENNY=AATJEND) =AY
WFITE(1) AA,B,C
no 10 I=1,J°ND
in Y(IV==AA(1)
REWIND 1
RETIURN
FrnN
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SURROUTINE SETUPZ2

"
C THIS SUBROUTINE SETS=UP THE FINITE DIFFERENCE MATRIX FOR A CYLINOKICAL
FOMMOM/RIG/AT o ZETAX g 7TETAY o XMAX g YMAX g ETAg XMy TEND 9 JJEND9DYDX g My NN
1CON4A,8B3B4802042C)1,C(20920Y 3 T(20 420) 4N Y (2.0 43IP(22) 4V(22)40X,0Y,
2 AA(20),0UT(27),I0UT4JOUT, KOUT,LIT,IDUCT,KEND,DB
COMPLEX BoCsT 9Ny YsVyATI,ZFTAX,ZFTAY ,C1, A,A1,B1,AA
RFWIND 1
D0 6 K=1,TFND
nn S I=1,JEND
C( I,I1)=0+42 ,*CON*XM*AT*¥NYDX*DY
DO S5 J=1,JEND
TFCJNELT) L I4J¥=0,
R( I,J)=0,
IF(ILEQ.JY R( I,J)=BFRBR
IFLS L EQe T#1) B(IgJ)==1u-1./FLOATI(2*I)
IFtJ «Ef. T-1) BlIsJd)==1.+1./FLOAT(2*])
5 CONTINUZE
 4-
C TNCLUDF BSOUNDARY NATA TOPRESPONDING TO Y=L AND Y=1

=
Al=  2,*XM*XM¥AT*OYDX/(CNN*ZETAY*DX)
R1==2,%A1=-2. *CON*AI*DY/ZFTAY
Fi=A1=" ,*XM*DYDX/ZFTAY
AL1=A142 ,*XM¥DYNX/ZETAY
R 1,?)==2,
Bl JFENDLJEND=-1)==2,
BIJENNDGJENNYI=B(IFEMNDZJEND) - B81% (1,41« ZFLNAT(2*JEND))
TUIZNDLJEND) =C(JEND, JTND) = Ci¥(1.41e /FLOAT(2%JEND))
IF(K +EN. ISND) GC TO 6
PO 41n/N J=1,JEND
j5o AACJ)=A
AA(JEND)=AACJENN) =AL* (1,41 . /FLOAT(2%*JENDY)
WRITE(L) AA,8,0
h NONTINUF
o]
C INCLUDES ANUNNARY DATA TORRZSPONDING TO X=1
ng 7 I=1,JEND
7 BUII)=3(I4I)="(T,4I)*2,%CON*AT*DX/ZETAX
O * J=1, J5NN
8 AA(J)=A
AACJEND)=AA(JEND) =A1*¥ (1,41, /FLOAT(2¥JTND))
WPITE(1) AA,B,C
NN 40 I=1,JEND
1:f Y(TI)==AA(T)
REFWIND {
RETURN
FND
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SURROUTINT FUNRTINLZZET,F)

COMMONZ/BTG /AT 4 ZETAXS ZETAY g XMAX YMAX 3ETA XM yIEND 3 JEND,DYDX 9 My NN,
1CONGALBRB33,3020 420)4,C(20420)9T(201427)40,Y(29)4IP(20)4V(20)4DX,y4DY,
2 AA(20),0UT(20),I0UT,JOUT,KOUT,IT,IDUCT,KEND,DB

COMPLEY ByCyToDsY4V,AT75TAY,ZETAX,C1,A,A1,31,AA

NTMENSTON ZZT(N)
ZETAY=7ET (1) ¢AI®ZFT(2)
IFC7ET(1YeLTols) GO TO 4°
Az=(1,=XM*XM) ¥DYNY*¥X2-CON¥XM*¥ AT*¥DY DX* DY
TF(IDU"T.LT.C) CALL S=TUP
TF(TNUCT,.cN. M) CaLL SETUPY
IF(TIDUR T+ 6T M) CALL SETURR2
REWMTND 4

WRTTE(L) (Y(I),I=1,35NM0)

DA 4°® T=1,JENN

Y{T)="
TENIJL=TENN-1

no 15 J=1,I-NDM1
WELITE (L) (Y(I)yI=1,JENN)
CONTINUS
WeITE(4) AA
CaLL BLN7K

caLL ouTeuT
pe=-,

caLL SQUNN

GO TN &8I

np=1,

E=n8

RFTNRN

a)
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e S
IDFMTTFITATION
LU3 = LU FACTNRIZATION OF A REAL SNUARE MATRIX
FORTOAN SUBPOUTINE SU3PROGFAM
ATROSPACE PESEARCH LARORATNRIES
WRIGHT=RPATTERSQOMN AFR, NHTO w5433
oyrpOSc
LU3 COMPIJTES TPIANGULAR MATRICES L AND UJ AND A P=RMUTATION
MATRIX © SATISFYING LU = PA GIVEN AN N=-SOUARE FEAL MATRIX 4,
LU IS TNTENDED FO™ USE WITH TH=Z ENTRY POINT LFQSI TU PRONUC:
SOLUTIONS OF THE Y~"CTOF ZQUATINN AX = R,
roNTenL

NDIMENSTON A(MyaM)y, TP (N)

.
CALL LUTIN,ZA4M,TIP)

HHERE

N IS AN INTEGER INPUT VARIABLZ, THE ORDEF OF TH= MATRIX A,

A AS A REAL INPUT ARRAY IS TH=Z MATRTX TN BF TRIANGULAFIZELU.

A AS A REAL OUTPUT ARRAY IS THE UPPER TRIANGULAR FACTOR U
IN A(T4J)y T L%, Jy AND THc LOWER TRIANGULAR FACTOF L iN
AlIyd)y T 4FRTe Jo

M IS AN INTSGFR INPUT VARIABLE, THE ROW DIMENSTON OF A,

IP IS AN INTFEGER QUTPUT ARFAY, IP(K), K LT, N, 3EING THE IN=-
DEX OF THE K-TH PIVCT FOW WITH IPIN) BZING Z7=RO IF A IS
SINGULAR AND DETI(P) IF A IS NONSTNGLLAR,

NTHER PROGRAMMING INFORMATIOM
LU3 CONTAINS THE FNRTRAN STATEMENT

NDATA NuMzs20r /

NUM IS INITIAL APGUMENT SUPPLIED TO THE SYSTEM SUBROUTINE cN-
TEPED IN CAST LU3 WAS FNTERED WITH A NONPOSITIVE N.
NET(AY MAY Bf CALCULATED FROM THE FORMULA
NET A = FLOAT(IP(M))*®A(1,1)% <40 *A(NyN)
LENS3 IS CALLED TO COMPUTE SOLUTIONS OF LINEAR SYSTEMS AFTcR
TRTIANGULARTIZATION NF A BY LU3.
OTHER PBROGPAMS PEAQUIRED
THE SYSTEM SUBROUTTNZ IS CALLED FOR EPROR TRACING ANN TcRM-
INATION,
METHOD
THE MATRIX A IS REQUCED IN SITU TO TRIANGULAR PRODUCT FORM
USING GAUSSTAN ELIMINATION WITH PARTIAL PIVOTING.

B R O A e e e e e R

OO IO IIODOODDIDIOIFNDIIIIAIONIITIOAODODIAOIIOODD
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DAVADNDAIODODIDIATIOIIINDAIIDIIAOAIIIIONDDDIIIDIDIDIIIIDINODIDNG

INENTTETCATTION
LZNT3 = SOLUTICN OF A LINEAR SYSTEM GIVENM A TRIANGULAK FACTOR=-
TZATION OF THE COEFFICIZNT MATRIX
FORTRAN SUPSQUTINZ SUBPROGSAM
AERQSPACF RFSEARCH LABORATNRIFS
WRIGHT=PATTEKSON AFR, OHIO 45437
PYIRPHSE
LEQS? CO%PUTES THE SOLUTICN X OF THFE LINEAR SYSTEM LUX = PAX
= P{ WHF?E L, U, AND ® AFE COMPUTED FROM A BY LU3,
FONTRAL

NIM=NSION B(MyM), IPIN), BI(N)

L]
CALL LEQST(M,A,4,1P,8)

WHERE
N IS AN TNTZGFP INPUT VAKTABLZ, THE ORDER® OF THE MATRIX A.
A IS A ZEAL INPUT ARRAY, THZ TRIANGULARIZED COEFFICIENT MATRIX
COMPUTED RBY LU3,
M IS AN INTEGFR IMPUT VARIASLS, THE ROW DIMENSION OF A,
I® IS AN INTEGFR INPUT ARRAY, THE INPEXES OF THZ PIVOT ROWS
COMPITED 8Y LU3.
P AS A REAL INPYUT ARRAY IS THE COLUMN VECTOR KRIGHT=-HAND SIDT P
B AS A PEAL OQUTPUT AFRAY IS THE COLUMN VECTOR SOLUTION X,
NTHEP PROGAAMMING INFORIMATION
LEQS? IS AN SNTRY POTNT TO SUBROUTINZ LU3.
OTHER PRNOGFAMS RFQUIRED
NON=
METHON
THE TWNA TRIANGULAR® SYSTEMS LY = PB AND UX = Y ARZ SOLVED IN
TURN FOR THE SOLUTION X OF LUX = P83, NO CHECK IS MADE FOR
NONSTINGULARITY NF THE MATRIX U, THIS CH:=CK IS MADE 8Y INT.R-
ROGATING TIP(NY, AM ATTEMPT TO SOLVE UX = ¥ WHERE A TS SINGULAR
WILL RESULT TN AN INFINITE CR INDEFINITE QUOTIENT,.
REFERENCES
(1) CLTVE Re MOLER, ALGOFITHM 423 - LINEAR ENUATION SOLVER,
COMM, ACM 1501972), P.274.
(2) PAUL J. NIKOLAT, THE ARL LINSAR ALGEBRA LIBRARY, ARL
TECHNICAL FEPORT ARL 71-0137(1971).,

CRENFYIEEXEARNREFANR IR YA EEE RN R EF N FEN YR F A FENNEREAFENL RN EEF IR XEEERIEEEEL Y

r
Cc
i

SUBRROUTINF LU3(N, A, 4, TP, B)

TRTIAMGULARIZATION OF A RFAL SAUARE MATRIX USING GAUSSIAN ELIMINATION

DIMENSION AtM,M), IPIN), P(N)
COMPL=EX A4 8,4 T
EAQUIVALENCF (KP1, KM1)
NATA NUM 7220/
TIP(N) = 1
NML = N = {1
IF (NM1) 2, 65, 4
CALL SYSTEMINUM, 12HLILLEGAL ARG)
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& Do 67 K = 1, NM{
KP1i K+ 1
L =
no 13 I = KP1i, N
IF ((ABS(RFAL(A(ILK))) + ABS(AIMAGCA(I,K)))) .GT.
* (ABS(RFAL(A(L,K))) + ABS(AIMAG(A(L,K)?))) L =1
10 CONTINUF
IP(K) =L
IP(N) = ISIGN(1, K = L)*IP(N)
T = A(Ly¥)
ﬁtL,K) = &(K‘K)
AtK,KY = T
TF (ARS(PEAL(T)) + ABS(AIMAG(T))) 15, 12, 15
13 IP(NY = 7
GO T0 &"
15 00 20 T = KF1i, M
ACI 4KY = =A(T,K)/T
on CONTINUF
DO 4 J = KPi, N
T = A(LN
AlLy,J) = A(K,J)
AlKyad) = T
IF (ABS(REAL(T)) + ABS(AIMAG(TYI)) 25, &40, 25
25 DO 3C T = KPi, N
A(I4J) = A(I4J) + T*A(I,K)
ar CONTTNUE
Ln CONTINUF
6P CONTTNUE
65 IF (A(NyN) (E0. (0434534000 IP(N) =
RET!RN
ENTRPY LEQS3

xu

SOLUTION OF A REAL LINEARP SYSTEM TRIANGULARIZED BY SUBROUTINE LUS

Q09

NML = N - 1
IF (NM1) 2, 97, 67
A7 no 73 ¥ = 14 NM1
KPq4 = ¥ + 1
L = IP(K)
T = B(L)
3(LY = RA(K)
1K)y = T
nog 9 7T
B(TY
A9 CONTINUFE
70 CONTTNUE
N0 AT L = 14 NM
KM1i = N = L
W = K] + 4
B(K) = R(K)/A(K,K)
T = =2({K)
nn 75 1 =
A(IY =
75 CONTIMUF
e FONT INYF
qn R(1) = B(1Y/A(1,1)
RZTURPN
END

KPi, N
B(I) + T*A(TI,¥)

n

19 M2
2 (D

r
(IN + T*A(T,K)
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